The Tim-Tipin complex is a component of the DNA replication machinery that is conserved across eukaryotes. Results: TIPIN gene knock-out cells showed hypersensitivity to the topoisomerase I inhibitor camptothecin, decreased DNA synthesizing activity, and Top1 degradation. Conclusion: The Tim-Tipin complex destabilizes the Top1 cleavage complex. Significance: The Tim-Tipin complex could be a potential drug target in cancer chemotherapy. The replication fork temporarily stalls when encountering an obstacle on the DNA, and replication resumes after the barrier is removed. Simultaneously, activation of the replication checkpoint delays the progression of S phase and inhibits late origin firing. Camptothecin (CPT), a topoisomerase I (Top1) inhibitor, acts as a DNA replication barrier by inducing the covalent retention of Top1 on DNA. The Timeless-Tipin complex, a component of the replication fork machinery, plays a role in replication checkpoint activation and stabilization of the replication fork. However, the role of the Timeless-Tipin complex in overcoming the CPT-induced replication block remains elusive. Here, we generated viable TIPIN gene knock-out (KO) DT40 cells showing delayed S phase progression and increased cell death. TIPIN KO cells were hypersensitive to CPT. However, homologous recombination and replication checkpoint were activated normally, whereas DNA synthesis activity was markedly decreased in CPT-treated TIPIN KO cells. Proteasome-dependent degradation of chromatin-bound Top1 was induced in TIPIN KO cells upon CPT treatment, and pretreatment with aphidicolin, a DNA polymerase inhibitor, suppressed both CPT sensitivity and Top1 degradation. Taken together, our data indicate that replication forks formed without Tipin may collide at a high rate with Top1 retained on DNA by CPT treatment, leading to CPT hypersensitivity and Top1 degradation in TIPIN KO cells.
In eukaryotic cells, proteins in the DNA replication machinery function in a coordinated manner to ensure accurate DNA replication (1, 2) . The MCM2-7 heterohexamer interacts with replication factors such as Cdc45 and GINS (Go, Ichi, Ni, and San) and unwinds double-stranded DNA ahead of the replication fork (3, 4) . The leading strand and lagging strand are then synthesized by pol 3 ⑀ and pol ␦/pol ␣, respectively, and the proliferating cell nuclear antigen clamp promotes the activity of DNA polymerases (5) . All of the factors described above are essential for cell survival. Conversely, many factors are not essential for replication but are involved in ensuring the efficient progression of the replication fork. Tof1, Csm3, and Mrc1 in Saccharomyces cerevisiae, which are homologs of Swi1, Swi3, and Mrc1 in Schizosaccharomyces pombe, respectively, are not essential for cell survival; however, they play a role in the stabilization of the replication fork (1, 6) . Tof1, Csm3, and Mrc1 translocate with the replication fork and stall, protecting the replication fork when obstacles are encountered (7, 8) . In vertebrates, Timeless (Tim), Tipin, and Claspin are orthologs of Tof1, Csm3, and Mrc1. These vertebrate factors contribute to the activation of the replication checkpoint and the establishment of sister chromatid cohesion (9 -13) . In particular, Tim/ Tof1 and Tipin/Csm3 form a tight heterodimer (called a fork protection complex) (6) that is assumed to have a different role than Claspin/Mrc1, although some functions may be partly redundant.
Tof1, a component of the replication fork machinery, was identified as a topoisomerase I (Top1)-binding factor (14) . Top1 liberates topological stress generated in front of the replication fork via MCM2-7 helicase. Top1 cleaves the phos-phodiester backbone of the DNA strand during the resolution of topological stress and forms a covalent bond with DNA to form the Top1 cleavage complex (Top1-cc) (15) (16) (17) . Camptothecin (CPT), a Top1 inhibitor, binds to Top1 via hydrogen bonds, stabilizes Top1-cc, and inhibits DNA religation, resulting in cytotoxicity because of the blockage of DNA replication and/or transcription (16, 18) . Collision between the replication fork and Top1-cc can produce DNA double strand breaks (DSBs) in the presence of CPT (15, 17) . CPT-induced DSBs are mainly repaired by Rad51/BRCA2-mediated homologous recombination (HR) (19) . Although DNA repair related to Top1-cc has been analyzed extensively, the interaction between the protein machinery at the replication fork and CPT-induced Top1-cc is poorly understood, especially in vertebrate cells. Because tof1 and csm3 mutant cells in S. cerevisiae and swi1 Ϫ and swi3 Ϫ mutant cells in S. pombe are hypersensitive to CPT (20 -22) , the vertebrate Tim-Tipin complex is expected to be involved in the tolerance to CPT-induced cytotoxicity. However, little is known about the role of the Tim-Tipin complex in overcoming CPT-induced replication barriers.
Here, we generated TIPIN gene knock-out (KO) cells using chicken DT40 cells to elucidate the precise roles of Tipin at the replication fork. TIPIN KO cells were viable but lost their proliferative capacity mainly because of a decrease in DNA replication elongation activity. TIPIN KO cells were hypersensitive to CPT. Characterization of CPT sensitivity in TIPIN KO cells predicts a role for vertebrate Tipin in protecting the replication fork from collapse following CPT treatment.
EXPERIMENTAL PROCEDURES
Plasmid DNA Construction-The targeting vectors for TIPIN gene disruption were designed by inserting a puromycin-or blasticidin-selective marker cassette into exons 3-5 of the TIPIN gene. The pGEM-T Easy vector was used. The expression vector for chicken TIPIN was generated by cloning chicken TIPIN DNA amplified by RT-PCR (SuperScript III, Invitrogen) into the pUHG10-3 vector. A FLAG tag sequence was added to the C-terminal end of the TIPIN coding sequence.
Cell Culture, DNA Transfection, and RT-PCR-The chicken DT40 cell lines used in this study are listed in Table 1 . Cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum, 1% chicken serum, 2 mM L-glutamine, 10 M 2-mercaptoethanol, and 100 g/ml kanamycin in 5% CO 2 at 39°C. DNA transfection and RT-PCR were performed as described previously (23) . Drug-resistant colonies were selected in 96-well plates in medium containing 0.5 g/ml puromycin, 30 g/ml blasticidin, and 2.5 mg/ml hygromycin B. Gene disruption was verified by genomic PCR and RT-PCR. Gene expression was verified by RT-PCR and Western blotting. The primers used in genomic PCR to check marker insertion were 5Ј-GTGGAGCTC-TCCGTCCTCCGAAAGCAGGCG-3Ј or 5Ј-GCACCAGTCAG-ATCCCGAGCAACTGGGATG-3Ј (sense) and 5Ј-TATTGGTC-ACCACGGCCGAG-3Ј (antisense). The primers used in RT-PCR to amplify TIPIN (KO locus) were 5Ј-CCCACCTCCTACGTCT-CCAGGAAGAGGTGA-3Ј (sense) and 5Ј-AAAGCACCAGTC-AGATCCCGAGCAACTGGG-3Ј (antisense). The primers used in RT-PCR to amplify TIPIN (full length) were 5Ј-GAGTGTTG-GTGCGGTGCTCGGTATTTTCG-3Ј (sense) and 5Ј-GAAACT-CCTGGAGTGAGACTGGAAAGAGC-3Ј (antisense), and the primers used to amplify ␤-actin were 5Ј-CGTGCTGTGTTCCC-ATCTATCGTG-3Ј (sense) and 5Ј-TACCTCTTTTGCTCTGG-GCTTCATC-3Ј (antisense).
Assessment of Cell Growth and Sensitivity to DNA-damaging Agents-Cell number was determined by flow cytometry using plastic microbeads (07313-5, Polysciences) and propidium iodide (PI). 400 l of cell solutions were mixed with 100 l of the plastic microbead suspension, and viable cells were counted when a given number of microbeads were detected by flow cytometry. Cells not stained with PI were regarded as viable cells. To assess drug sensitivity, 1-3 ϫ 10 4 cells were cultured in 24-well plates containing various concentrations of DNA-damaging agents in 1 ml of medium in duplicate. Cell viability was assessed after 48 h by flow cytometry using plastic microbeads and PI. Percent survival was determined by considering the number of untreated cells as 100%. The final concentration of PI was 1 g/ml.
Cell Cycle Analysis by Flow Cytometry-To assess cell cycle progression, cells were harvested, fixed in 70% ethanol, stained with PI, and analyzed by flow cytometry. For two-dimensional cell cycle analysis, cells were cultured in medium containing 40 nM CPT and treated with 20 M bromodeoxyuridine (BrdU; BD Biosciences) for 20 min just before harvesting. Cells were fixed in 70% ethanol, treated with 0.5% (v/v) Triton-X and 2.5 M HCl, and stained with FITC-labeled anti-BrdU antibody (BD Biosciences) and 1 g/ml PI. Cell cycle distribution was analyzed by flow cytometry.
Cell Death Analysis by Flow Cytometry-Cell death analysis was carried out as described previously (24) . To distinguish between viable cells and dead cells, cells were stained with 1 g/ml PI without fixation and analyzed by flow cytometry.
DNA Fiber Assay-Cells (5 ϫ 10 5 in 1 ml of medium) were pulse-labeled with 25 M chlorodeoxyuridine (CldU; Sigma) and then sequentially pulse-labeled with 250 M iododeoxyuridine (IdU; Sigma). Cells were resuspended in ice-cold PBS and then dropped onto aminopropylsilane-coated glass slides (Matsunami Glass). Cells were lysed with DNA fiber lysis buffer (0.5% SDS, 200 mM Tris-HCl, pH 7.4, 50 mM EDTA), and then glass slides were tilted to extend DNA. For fixation, glass slides were immersed in Carnoy fluid (MeOH:AcOH, 3:1) for 3 min, 70% EtOH for 1 h, and MeOH for 3 min. After washing with PBS, glass slides were immersed in 2.5 mM HCl for 30 min to denature DNA molecules and subsequently in 0.1 M sodium tetraborate for 3 min to neutralize. After washing with PBS, the slides were treated with rat anti-BrdU antibody (1:1000; Abcam) and mouse anti-BrdU antibody (1:500; BD Biosciences), which reacted against CldU and IdU, respectively. Cy3conjugated anti-rat IgG (1:1000; Jackson ImmunoResearch Laboratories) and Alexa Fluor 488 anti-mouse IgG (1:1000; Invitrogen) were used as the secondary antibodies. The first and second antibodies were incubated for 1 h at room temperature, respectively. Washing of antibodies was performed with 0.05% Tween 20 in PBS. Coverslips were mounted with Fluoromount (Diagnostic BioSystems). Images were captured with a fluorescence microscope (BZ-9000, Keyence). CPT treatment conditions are described in each figure legend. Fiber lengths were measured using ImageJ, and micrometer values were expressed in kilobases using the following conversion factor: 1 m ϭ 2.59 kb (25) . Measurements were recorded from areas of the slides with untangled DNA fibers to prevent the possibility of recording labeled patches from tangled bundles of fibers. Antibodies-The primary antibodies used were anti-phospho-Histone H2AX-Ser 139 (clone JBW301, Millipore), anti-␣tubulin (clone DM1A, Sigma), anti-Rad51 (a kind gift from Dr. Hitoshi Kurumizaka, Waseda University), anti-phospho-Check1 (Chk1)-Ser 345 (2341, Cell Signaling Technology), anti-Histone H3 (ab1791, Abcam), anti-Top1 (556597, BD Biosciences), and anti-FLAG (M2, Sigma).
Western Blotting-Western blotting was carried out as described previously (26) . Cells were suspended in SDS sample buffer (50 mM Tris-HCl, pH 6.8, 0.1 M DTT, 2% SDS, 10% glycerol, 0.1% bromphenol blue). Horseradish peroxidase-conjugated anti-rabbit and anti-mouse IgG (Cell Signaling Technology) were used as secondary antibodies. Proteins were visualized using ECL Prime Western blotting detection reagents (GE Healthcare). Images were captured with an ImageQuant LAS 4000 Mini imager.
Observation of Subnuclear Focus Formation-After CPT exposure (40 nM for 4 h), cells were harvested and spun onto aminopropylsilane-coated glass slides (Matsunami Glass). Cells were fixed with 4% paraformaldehyde, permeabilized with 0.1% (v/v) Nonidet P-40 in PBS, and treated with anti-Rad51 antibodies. Alexa Fluor 488 goat anti-rabbit IgG (Invitrogen) was used as the secondary antibody, and 0.1 g/ml DAPI was used for counterstaining. Coverslips were mounted with Fluoromount (Diagnostic BioSystems). Images were captured with a fluorescence microscope (BZ-9000, Keyence).
Subcellular Fractionation-To prepare the subcellular fraction of the nuclear soluble and chromatin-bound fractions, 5 ϫ 10 6 cells were cultured in 10 ml of medium containing CPT and collected at the indicated time points. A Subcellular Protein Fractionation kit (78840, Thermo Scientific) was used for the fractionation.
RESULTS
Tipin Is Not Essential for Cell Survival but Is Required for the Maintenance of Proliferative Capacity-Little information is available on the chicken TIM gene, whereas the chicken TIPIN gene is located on chromosome 10. In the present study, we generated TIPIN KO DT40 cells. Targeting constructs were designed to delete exons 3-5 of the TIPIN gene, which were then sequentially transfected into DT40 cells ( Fig. 1A) . Gene disruption was confirmed by genomic PCR and RT-PCR (data not shown and Fig. 1B ). Two clones of TIPIN KO cells were obtained, indicating that the TIPIN gene is not essential for vertebrate cell survival. Although TIPIN KO cells were viable, a marked decrease in their proliferative capacity was observed (Fig. 1C ). The slow growth of TIPIN KO cells was investigated by analyzing cell cycle progression. Cells were synchronized at the G 2 /M phase using nocodazole, an inhibitor of microtubule polymerization, and cell cycle progression was monitored by flow cytometry. The results showed a delay in S phase progression in TIPIN KO cells ( Fig. 1D ). Moreover, cell death was approximately 3 times higher in TIPIN KO cells than in wild-type cells (Fig. 1E ). These results suggested that the slow growth of TIPIN KO cells was caused by both a delay in S phase progression and an increase in cell death.
Tipin Is Required for Normal DNA Replication Fork Progression-To investigate the alteration of S phase progression in TIPIN KO cells, we examined the effect of TIPIN KO on DNA replication elongation. Cells were pulse-labeled with the thymidine analogs CldU or IdU, and labeled DNA replication tracks were immunostained with specific antibodies to visualize the progression of the replication fork ( Fig. 2A ). The rate of DNA replication elongation (fork rate) in TIPIN KO cells was almost half of that observed in wild-type cells (Fig. 2, B and C) . This result suggests that Tipin is required for the maintenance of normal replication fork progression. The decreased fork rate in TIPIN KO cells partly explains the delayed S phase progression.
Tipin Is Involved in Tolerance to Topoisomerase I Inhibitor-To determine whether vertebrate Tipin plays a role in the response to CPT-induced replication fork stalling, the sensitivities of TIPIN KO cells to various replication stress-inducing agents including CPT were examined ( Fig. 3 ). Although TIPIN KO cells were hypersensitive to CPT compared with wild-type cells (Fig. 3A) , they were not particularly sensitive to etoposide, a topoisomerase II (Top2) inhibitor, or olaparib, a poly(ADP-ribose) polymerase inhibitor ( Fig. 3 , B and C). TIPIN KO cells were moderately sensitive to hydroxyurea (HU), aphidicolin (APH), and methyl methanesulfonate ( Fig. 3 , D-F), and their sensitivity to these agents was considerably lower than their sensitivity to CPT.
To investigate whether the CPT hypersensitivity of TIPIN KO cells is an intrinsic response, we generated TIPIN KO cells expressing exogenous chicken TIPIN cDNA. Chicken TIPIN cDNA was cloned, and a FLAG tag sequence was added to the C-terminal end. This expression vector was transfected into TIPIN KO cells to generate TIPIN Ϫ/Ϫ ϩ chTIPIN-FLAG cells (Fig. 3G ). Expression of chicken Tipin-FLAG mRNA and protein was assessed by RT-PCR and Western blotting (Fig. 3, H  and I) . The CPT sensitivity of TIPIN KO cells was reversed by expression of chicken Tipin-FLAG (Fig. 3A) . Taken together, these results indicate that Tipin plays a role in resistance to CPT-induced damage.
CPT Treatment Activates Homologous Recombination and Replication Checkpoint in TIPIN KO Cells-Among the DNAdamaging agents tested, we focused on CPT to examine the function of Tipin. ␥H2AX, the phosphorylated form of H2AX, is a marker of replication stress and/or DSBs (27) . High levels of ␥H2AX were detected in TIPIN KO cells in the absence and presence of CPT (Fig. 4A ). Because DNA damage induced by CPT is repaired primarily by Rad51/BRCA2-mediated HR repair (16) , we examined the activation of HR in TIPIN KO cells. Rad51 foci, which are indicators of Rad51 filament formation (28) , an essential step of the HR pathway, were observed in TIPIN KO cells upon CPT treatment (Fig. 4, B and C) . Thus, HR repair appears to operate normally in TIPIN KO cells.
Tipin is required for the activation of replication checkpoint after exposure to HU, APH, or ultraviolet light (11, 12, 29 -31) . Phosphorylation of Chk1 by the ATR-ATRIP complex activates Chk1, resulting in a delay in cell cycle progression and inhibition of late origin firing (32) (33) (34) . Rad17 increases the phosphorylation activity of ATR as a 9-1-1 clamp loader (35, 36) . To investigate whether the CPT sensitivity of TIPIN KO cells was associated with a defect in the Chk1-mediated replication checkpoint, we compared the sensitivities of RAD17 and CHK1 KO cells to CPT. The sensitivity of these KO cells to CPT was not higher than that of wild-type cells (Fig. 4D ). We next examined Chk1 phosphorylation, a marker of replication checkpoint activation. Low levels of Chk1 phosphorylation were detected in wild-type and RAD17 KO cells upon CPT treatment (Fig. 4E) . Interestingly, Chk1 phosphorylation upon CPT treatment was increased rather than decreased in TIPIN KO cells, whereas Chk1 phosphorylation following HU treatment was slightly decreased in TIPIN KO cells compared with wild-type cells (Fig.  4, E and F) . Taken together, these findings suggest that the CPT sensitivity of TIPIN KO cells is not caused by defects in HR or replication checkpoint activation.
Tipin Promotes Progression of the Replication Fork in the Presence of CPT-We next monitored cell cycle progression upon CPT treatment. Cells were pulse-labeled with BrdU, a thymidine analog, and then stained with a BrdU-specific antibody and PI (Fig. 5A ). BrdU-positive cells represent cells in S phase that are actively synthesizing DNA. In the presence of CPT, the number of wild-type cells in S phase decreased, and that in G 2 /M phase increased, and this was especially evident at 8 h after treatment ( Fig. 5, A, left, and B) . Conversely, the populations of cells in S and G 2 /M phases in TIPIN KO cells did not change significantly regardless of the absence or presence of CPT ( Fig. 5, A, right, and B) . However, two-dimensional analysis showed qualitative changes in the BrdU pattern with a decrease in BrdU incorporation during S phase in TIPIN KO cells compared with wild-type cells (Fig. 5C ). These results suggest that DNA synthesis in TIPIN KO cells is defective in the presence of CPT.
We used a DNA fiber assay to investigate DNA synthesis in the presence of CPT. Cells were pulse-labeled with CldU in the absence of CPT and then subsequently pulse-labeled with IdU in the presence of CPT (Fig. 6A ). DNA replication elongation activity in response to CPT treatment was determined by the CldU/IdU ratio. Attenuation of replication elongation activity by CPT would result in an increase in the CldU/IdU ratio (Fig.  6B ). Our results showed that the fork rate in TIPIN KO cells was ϳ50% of that in wild-type cells (Fig. 2C) . Therefore, if the duration of DNA synthesis is kept constant, the progression distance of the replication fork in TIPIN KO cells should be almost half of that in wild-type cells. Under these conditions, the replication fork would be less likely to encounter Top1-cc in TIPIN KO cells than in wild-type cells. To solve this problem, the incorporation time of CldU/IdU was set as 20 min/20 min or 40 min/40 min for wild-type or TIPIN KO cells, respectively (Fig.  6A ). Under these experimental conditions, TIPIN KO cells showed a higher CldU/IdU ratio in the presence of CPT than wild-type cells (Fig. 6C ). We then carefully measured the CldU/ IdU ratio under the 40-min/40-min condition in wild-type cells upon CPT treatment. The mean CldU/IdU ratio under the 40-min/40-min versus the 20-min/20-min condition in wildtype cells was 1.12 (n ϭ 47) versus 1.24 (n ϭ 158), and the difference was not significant. These results suggested that the progression speed of the DNA replication fork is decreased in TIPIN KO cells treated with CPT.
Tipin Prevents CPT-induced Top1 Degradation-CPT traps Top1 on DNA, inhibiting its function, which in turn induces cytotoxicity. To investigate whether the lack of Tipin affects the status of Top1 on chromatin, we performed subcellular fractionation assays. A total fraction and a chromatin fraction were prepared, and Top1 was detected by Western blotting (Fig. 7A) . In wild-type cells, Top1 accumulated in the chromatin fraction in response to CPT treatment, suggesting the retention of Top1-cc on chromatin. A new low molecular weight band was detected specifically in the chromatin fraction of TIPIN KO cells that was present even in the absence of CPT and was visible in the total fraction when the film was overexposed. Because Top1 is degraded by the proteasome in response to high con- centrations (M order) of CPT (37-39), we speculated that low concentrations (nM order) of CPT would induce proteasomedependent degradation of Top1 in TIPIN KO cells but not in wild-type cells. To confirm this, cells were treated with CPT and with a proteasome inhibitor, MG132 or lactacystin. The intensity of the CPT-induced band was attenuated by MG132 or lactacystin in TIPIN KO cells (Fig. 7, B and C) , suggesting that this low molecular weight band was generated by proteasome-dependent Top1 degradation. These results indicated that low concentrations of CPT induce rapid degradation of Top1 in TIPIN KO cells.
In yeast, orthologs of the Tim-Tipin complex play a role in replication fork stabilization and/or protection from replication stress (8) . To protect cells from the toxic effects of CPT, collision between the replication fork and Top1-cc should be avoided. Because inhibition of replication fork progression can suppress such collision, we hypothesized that the DNA polymerase inhibitor APH, which induces stalling of the replication fork, would inhibit the effect of CPT in TIPIN KO cells. Our results showed that CPT sensitivity in TIPIN KO cells was suppressed by APH pretreatment (Fig. 7D) . Moreover, Top1 degradation in TIPIN KO cells was also suppressed by APH treatment (Fig. 7E) . These results suggested that the frequent collisions between the replication fork and Top1-cc are the primary cause of the marked CPT sensitivity of TIPIN KO cells.
DISCUSSION
In the present study, we successfully generated vertebrate TIPIN gene KO cells. Although these cells were viable, they showed decreased proliferative capacity and a reduced rate of DNA replication fork progression. Moreover, TIPIN KO cells were sensitive to replication stress-inducing agents with a marked sensitivity to CPT. CPT delayed S phase progression and replication fork progression in TIPIN KO cells. Top1 degradation in TIPIN KO cells was observed in the absence of CPT and was enhanced by CPT treatment. These findings are indicative of a relationship between Tipin activity and Top1-cc-induced DNA damage.
Tipin Plays a Role in Replication Fork Progression-In previous studies, the function of Tipin in human cells was analyzed using siRNA knockdown (10 -12, 29, 40, 41) . However, siRNA knockdown did not completely eliminate endogenous Tipin protein expression, whereas the expression of Tipin was completely suppressed in TIPIN KO cells. Therefore, the generation of TIPIN KO cells allowed us to confirm that Tipin is not essential for vertebrate cell survival (Fig. 1) . Furthermore, the rate of replication fork progression was obviously decreased in cells lacking Tipin (Fig. 2) . However, the mechanism underlying the decreased fork rate in TIPIN KO cells remains unclear. We have formulated three hypotheses to address this question. First, the Tim-Tipin complex may promote DNA polymerase activity during DNA replication elongation and maintain the progression capacity of the replication fork. The Tim-Tipin complex is involved in the association of pol ␣ with And1, a replication factor, in Xenopus egg extracts (42) , and it promotes the DNA synthesizing activity of replicative DNA polymerases (43, 44) . Second, the Tim-Tipin complex may efficiently load Claspin onto chromatin. Lack of Claspin results in decreased replication fork speed (45, 46) , and it has been suggested that the Tim-Tipin complex stably binds Claspin onto chromatin in Xenopus egg extracts (13, 30) . Finally, loss of the interaction between the Tim-Tipin complex and Top1 at the replication fork may result in the inability to deal with Top1 properly and thus lead to the degradation of Top1 (Fig. 7A) . This possibility will be discussed in detail later. The three possible mechanisms are not mutually exclusive.
Role of Tipin following Top1 Inhibition by CPT-TIPIN KO cells showed hypersensitivity to CPT (Fig. 3A) , consistent with a previous report in the fission yeast swi3 Ϫ mutant (20) . Conversely, TIPIN KO cells showed no or little increase of sensitivity to etoposide (Fig. 3B ), suggesting an intimate relationship between Tipin and Top1 but not Top2. Tof1, an ortholog of Tim in the budding yeast, interacts with Top1 in vitro (14) , and Csm3, an ortholog of Tipin in budding yeast, forms immunoprecipitable replisome progression complexes including Top1 (4) . Taken together with these findings, our results suggest that the Tim-Tipin complex is closely associated with Top1 at the replication fork.
CPT-induced damage is repaired by Rad51/BRCA2-mediated HR, and HR-defective cells, such as BRCA2-deficient cells, exhibit extreme sensitivity to olaparib, a poly(ADP-ribose) polymerase inhibitor (47, 48) , whereas TIPIN KO cells showed little sensitivity to olaparib (Fig. 3C ). In addition, the formation of CPT-induced Rad51 foci was observed in TIPIN KO cells (Fig. 4, B and C) . Taken together, these observations indicate that defective HR repair may not be the cause of CPT sensitivity in TIPIN KO cells.
The Tim-Tipin complex is involved in the activation of the replication checkpoint upon HU treatment (11, 12, 29) ; however, in the present study, the complex was not necessary for activation of the replication checkpoint upon CPT treatment (Fig. 4E) . A previous report showed that the phosphorylation of Chk1 is enhanced by TIM knockdown (40) . Therefore, the Tim-Tipin complex does not appear to be required for the activation of the replication checkpoint under certain circumstances. One of the replication checkpoint factors, Chk1, reportedly causes inhibition of not only DNA replication initiation but also nascent DNA elongation in the presence of CPT (49) . Increased Chk1 phosphorylation in TIPIN KO cells upon CPT treatment could be involved in the decrease of DNA fiber length in the presence of CPT (Fig. 6C ).
High concentrations (M order) of Top1 inhibitors induce the degradation of Top1 (37) (38) (39) 50) . Collision of CPT-induced Top1-cc with the replication fork leads to Top1 polyubiquitination and degradation by the 26 S proteasome, and the Top1 peptide remaining on the DNA is processed to result in the formation of a DSB (15) (16) (17) 37) . The effects of low concentrations (nM order) of CPT on TIPIN KO cells, such as replication checkpoint activation, inhibition of DNA fiber elongation, and degradation of Top1, are observed in normal cells treated with high concentrations of CPT (27, 37, 51) . This suggests that the DNA replication fork frequently collides with Top1-cc in TIPIN KO cells even in the presence of low concentrations of CPT. In other words, the rate of collision of the replication fork with Top1-cc is decreased in wild-type cells. How the Tim-Tipin complex prevents the collision of the DNA replication fork with Top1-cc remains unclear.
Yeast Tof1 (Tim homolog) interacts with Top1 (14), and vertebrate Tipin interacts with pol ␣ via And1 and has a binding domain for RPA (11, 42) . Therefore, it seems possible that the Tim-Tipin complex in association with the DNA replication machinery interacts with Top1-cc, and the interaction may affect Top1 conformation, leading to the dissociation of CPT from Top1-cc because binding of CPT to Top1 is reversible (17) . The dissociation of CPT from Top1 destabilizes Top1-cc, resulting in the release of Top1 from DNA after religation of the DNA strand (Fig. 8A) . Thus, the replication fork progresses normally in wild-type cells in the presence of low concentrations of CPT. Conversely, the DNA replication machinery collides with Top1-cc in TIPIN KO cells because of the absence of the Tim-Tipin complex, leading to the degradation of Top1 to result in the formation of a DSB (Fig. 8B) .
Another possibility is that the interaction between the Tim-Tipin complex and Top1 directly destabilizes Top1-cc regardless of the presence or absence of CPT. In fact, degradation of Top1 was observed in the absence of CPT in TIPIN KO cells (Fig. 7A ). In this context, structurally altered DNAs such as UV adducts or abasic sites also stabilize Top1-cc (15) , suggesting that the mechanism leading to the dissociation of Top1-cc even in the absence of CPT is essential for DNA replication elongation. Therefore, one of the physiological functions of the Tim-Tipin complex may be to destabilize the Top1-cc by interacting with Top1.
Concluding Remarks-Our study provides a novel insight into the function of the Tim-Tipin complex in overcoming Top1-cc during the progression of the DNA replication fork. In addition to furthering basic studies, our findings showing that TIPIN KO cells are hypersensitive to CPT may be of value to improve cancer chemotherapy. The stability of Tim and Tipin in their complex is mutually dependent because suppression of either Tim or Tipin expression by siRNA reportedly leads to degradation of both proteins (11, 29, 41) . Thus, inhibitors disrupting the interaction between Tim and Tipin will greatly sensitize cells to Top1 inhibitors, which are widely used clinically as anticancer agents.
